We study the η → π 0 γγ decay via the quark-box diagram in the threeflavor Nambu-Jona-Lasinio model that includes the U A (1) breaking effect. We find that the η-meson mass, the η → γγ decay width and the η → π 0 γγ decay width are in good agreement with the experimental values when the U A (1) breaking is strong and the flavor SU (3) singlet-octet mixing angle θ is about zero. The photon energy and the photon invariant mass spectra in η → π 0 γγ are compared with those in the chiral perturbation theory.
Chiral symmetry plays an essential role in the light-flavor QCD. Light pseudoscalar mesons are regarded as the Nambu-Goldstone (NG) bosons of spontaneous symmetry breaking of chiral SU(N) L × SU(N) R symmetry. Properties of the NG bosons have been studied in various chiral effective theories successfully.
Another interesting low-energy symmetry is the axial U(1) symmetry, which is explicitly broken by the anomaly. The symmetry breaking is manifested in the heavy mass of η ′ meson, which has been studied as the "U A (1) problem". It is yet not clear how strong the anomaly effect is on the pseudoscalar spectrum mainly because of complicated interference of the explicit flavor symmetry breaking due to the strange quark mass. Two of the authors (M.T. and M.O.) argued in a previous paper [1] that a strong U A (1) breaking and consequently a large flavor mixing are favorable for the η meson. The argument is based on the analysis of the η system as abound state in the three-flavor Nambu-Jona-Lasinio (NJL) model. We claim that the η mass as well as the η → γγ decay rate supports a U A (1) breaking six-quark interaction much stronger than previously used [2] .
This interaction causes a large flavor mixing resulting almost pure octet η ≃ η 8 .
The purpose of this paper is to extend the previous analysis to another η decay process, η → π 0 γγ and to confirm our claim of the strong U A (1) breaking. We are interested in this process where the internal structure of the η, π 0 mesons plays essential roles because the photon does not couple to the neutral mesons directly.
Furthermore, chiral perturbation theory (ChPT) gives too small prediction in the leading order and higher order terms are expected to be dominant.
The three-flavor NJL model is one of the phenomenologically successful chiral effective models of the low-energy QCD and the lagrangian density we have used is as follows,
where ψ is the quark field,m = diag(m u , m d , m s ) is the current quark mass matrix, and λ a is the flavor U(3) generator (λ 0 = 2/3I). The determinant in anomaly.
Quark condensates and constituent quark masses are self-consistently determined by the gap equations in the mean field approximation. The covariant cutoff Λ is introduced to regularize the divergent integrals. The pseudoscalar channel quark-antiquark scattering amplitudes are then calculated in the ladder approximation. From the pole positions of the scattering amplitudes, the pseudoscalar meson masses are determined. We define the effective meson-quark coupling constants g ηqq and g πqq by introducing additional vertex lagrangians,
with λ η = cos θλ 8 − sin θλ 0 . Here φ is an auxiliary meson field introduced for convenience and the effective meson-quark coupling constants are calculated from the residues of the qq-scattering amplitudes at the corresponding meson poles.
Because of the SU(3) symmetry breaking, the flavor λ 8 −λ 0 components mix with each other. Thus we solve the coupled-channelscattering problem for the η meson. The mixing angle θ is obtained by diagonalization of the qq-scattering 
D is zero, our lagrangian does not cause the flavor mixing and therefore the ideal mixing is achieved. The "η" is purely uū + dd and is degenerate to the pion in this limit.
It is found in [1] that the η → γγ decay width is reproduced at about G • obtained in ChPT [3] . This is due to the stronger U A (1) breaking in the present calculation. The difference mainly comes from the fact that the mixing angle in the NJL model depends on q 2 of thestate and thus reflects the internal structure of the η meson. On the contrary the analyses of ChPT [3] assume an energy-independent mixing angle, i.e., θ(M
We are now in a position to study whether the η → π 0 γγ decay rate is consistent with our picture of η with a large OZI mixing.
The experimental value of the η → π 0 γγ decay width is [4] Γ exp η → π 0 γγ = 0.85 ± 0.19 eV.
We evaluate the quark-box diagram given in Fig 1. We follow the evaluation of the box-diagram performed in [5] . Other possible contributions will be discussed later.
The η → π 0 γγ decay amplitude is given by 
with
Here Tr (D) means trace in the Dirac indices and M is the constituent u,d-quark mass. Because the loop integration in (9) is not divergent, we do not introduce the UV cutoff. Then the gauge invariance is preserved. The inclusion of the cutoff that is consistent with the gap equation will break the gauge invariance and make the present calculation too complicated. Note that the strange quark does not contribute to the loop.
On the other hand the amplitude T µν has a general form required by the gauge
and M η is the η meson mass. With A and B, the differential decay rate with respect to the energies of the two photons is given by
where M π is the π 0 meson mass. Though the mass of η as aqq bound state depends on G eff D , we use the experimental value M η = 547 MeV in evaluating (18). The Dalitz boundary is given by two conditions:
and
In evaluating (10)-(15), one only has to identify the coefficients of p µ p ν and g µν .
Details of the calculation are given in [5] . Defining A and B by
we find A and B as
We evaluate A and B numerically and further integrate (18) to obtain the η → π 0 γγ decay rate. The results are given in the last column of Table 1 In [7] , coupling strengths of the tree diagrams are determined assuming saturation by meson resonance poles, such as ρ, ω, a 0 and a 2 . This gives
where the 0.20 eV is the contribution of a 0 and a 2 , the sign of which is not known.
The result is a factor two smaller than the experimental value.
The contributions of other mesons, such as b 1 (1235), h 1 (1170), h 1 (1380) [8] and other tree diagrams [9] , are found to be small.
Although these results based on ChPT are not too far from the experimental value, it is noted that the higher order O(p 6 ) terms in the perturbation expansion are larger than the leading O(p 4 ) terms and the results contain ambiguous parameters that cannot be determined well from other processes.
On the other hand in [10] the O(p 6 ) tree diagrams are evaluated by using the extended NJL (ENJL) model [11] . Spectrum of the photon energy E γ for the η → π 0 γγ decay is shown in Fig 4, and given in [7] in ChPT. Both are also similar, though there is no experimental result.
In our calculation of the η → π 0 γγ decay, we evaluate only the quark-box properties. It should be noted, however, that the NJL model does not confine quarks. While the NG bosons, π, K and η, are strongly bound and therefore can be described in the NJL model fairly well, we do not apply our model to the heavy mesons such as ρ, ω and η ′ . Further study of the U A (1) breaking and the η 1 − η 8 mixing will require a calculation including the confinement mechanism.
